A composition-dependent empirical interpolation formula for the refractive index of AlGaInAs epilayers lattice matched to InP substrate has been determined by using a reflection spectroscopy technique. The 2 μm thick (AlGaIn)As layers have been grown by MBE as well as MOVPE and were characterized by x-ray diffractometry and photoluminescence measurements. The measured data from these etalon structures were fitted by using a Sellmeier equation (single oscillator model) to retrieve the refraction index for wavelengths between 2.5 and 1 μm. The resulting accurate expression will be very useful for designing optoelectronic devices like VCSELs.
Introduction
The AlGaInAs/InP alloy has become the standard material system for long wavelength laser diodes like vertical-cavity surface-emitting lasers (VCSELs), and high-speed devices usable for 100-G Ethernet have been fabricated [1] . The improved performance compared to GaInAsP-based laser diodes is mainly ascribed to the higher conduction band offset and therefore reduced electron leakage current from active regions [2] . Besides this feature, also the technological advantage of a single group V system to create easily digital alloy structures has resulted in extremely long wavelength VCSELs by using V-shaped (AlGaIn)As quantum wells grown by MBE [3] . Since the minimization of free carrier losses and the positioning of the tunnel junction, which is needed as current aperture, into a node of the optical field is essential for optimal performance and low threshold currents for such devices, precise knowledge of the corresponding refraction indices is extremely important for the design of the layer structure and doping profile [4] .
In this paper, the composition-dependent refractive index of (AlGaIn)As including dispersion is derived by reflection spectroscopy using a new fitting procedure for the whole measured data range, yielding an up to now unmatched accuracy. These data are compared with the reported values from Mondry et al [5] and Nojima et al [6] , who used a similar technique. Significant deviations, which are critical for design considerations, could be revealed.
Experiment
The epitaxy of (AlGaIn)As layers has been carried out with a conventional solid state Varian Mod-Gen II MBE (equipped with valved arsenic and phosphorus cracker cells) and an Aixtron 200/4 MOVPE system (equipped with standard precursors) on iron doped, exactly orientated (0 0 1) InP substrates. As growth temperature we used 520
• C (pyrometer) for MBE grown layers and 650
• C in the case of MOVPE. The composition of the layers was adjusted by changing the cell temperatures or gasflows, respectively, and not by using the digital alloy technique described in [5] . Characterization of the layers had been performed by double crystal x-ray diffraction (XRD, (0 0 4) and (0 0 6) reflex) and lowtemperature photoluminescence (PL). The determination of the layer composition has been carried out by combining the PL-and XRD-measurements using the band parameters of [7] and the interpolation scheme of Donati [8] . Table 1 summarizes the grown layers using the nomenclature of a so-called effective quaternary composition X corresponding to a (Al 0.48 InAs) X (Ga 0.47 InAs) 1−X alloy as introduced in [5] . It should be noted that all layers showed a mirror like surface and exhibit small PL-linewidths (at 4.2 K) indicating a perfect material quality. To achieve a comparison between our findings in this rather new material system, AlGaAs layers have also been grown and investigated in the same way. For composition determination the more accurate ternary lattice constant after [9] has been used in this case, since deviations from the Vegard law have been reported for this alloy.
To measure the refractive index we used a reflectance technique already described in [5] . It is based on a Fabry-Pèrot etalon structure consisting of an epitaxial layer of unknown refractive index n L on a substrate. The spectra have been measured with a Bruker Vertex V70 FTIR spectrometer. An extended InGaAs-diode served as a detector. The measured spotsize had a radius of 1 mm, which excludes homogeneity issues.
For the reflection coefficient r of this structure, where r 0 is the field reflectivity at the epitaxial layer/air interface and r 1 is the reflection at the epitaxial layer/substrate interface, we obtain
where d is the layer thickness and k is the wavevektor inside the grown layer. Given that only top-side-polished substrates have been applied, the backside reflection can be neglected. Since the reflectivity R is simply given by the squared absolute value of the field reflection, the measured reflection signal can be simulated by knowing d as well as the refraction index of the layer and the substrate (n Air = 1). However, as shown in figure 1, measured data are affected by detector sensitivity, absorption lines and the excitation spectrum. Therefore, it is more useful to fit the ratio R/R i to eliminate these uncertainties [5] , where R i is the reflectivity of the corresponding substrate against air. Figure 2 shows the resulting normalized reflection spectra (straight line) for AlGaInAs/InP (upper line) and an AlGaAs/GaAs sample. Since all layers are undoped and only measured values below the layer bandgap (at least 100 meV to avoid the Urbach tail) have been utilized, absorption could be disregarded. Therefore, both normalized spectra oscillate around unity, which means that the fringe minima (in the case of AlGaInAs) and maxima (in the case of AlGaAs) are equal to the substrate/air reflection, as it is theoretically expected when the optical thickness of the layer corresponds to an even integer number of a quarter wavelength [5] . To analyze the normalized measurement we need the refractive index data of the substrate, which we have taken from Pettit and Turner for the refraction index of InP [10] , whose accuracy have been proven [11, 12] , whereas in the case of GaAs we used the formula from Afromowitz [13] , also confirmed by Gehrsitz et al [14] . Therefore, only the refractive index and the thickness of the layer were released as parameters by using a least square error fit method. The unknown refractive index of the AlGaInAs epilayer was estimated by using a single oscillator Sellmeier equation:
where A, B, C are the Sellmeier parameters and λ is the wavelength in μm. To prove the simulations the thickness of the (AlGaIn)As samples was also measured by using a Veeco Dektak surface profiler and selective chemical wet etching. The standard deviations of these measurements add up to 0.2-0.3% and they are also listed in table 1. Comparing the measured thickness with simulated values leads to the new finding that this technique is also very useful and accurate as non-destructive thickness determination, which can also be applied to other material systems.
Results and discussion
The AlGaInAs fitting data of samples 1-4 and 6 have been used to create a third-order interpolation matrix with respect to the composition X for the refraction index of this material system lattice matched to InP: ⎛ 
A maximum error between interpolation and direct fit of 2 × 10 −7 shows excellent accuracy. Figure 3 compares the index dispersion of (AlGaIn)As with various 'effective' aluminum fractions X. Interestingly, our data agrees well with Mondry et al [5] in the case of AlInAs, whereas for GaInAs Nojima's [6] findings are proven. This means that we have an average variance of 0.2% and 1.2% between our data and [5] and [6] respectively for X = 1 (AlInAs). Decreasing the aluminum content results into less agreement with Mondry et al [5] , but better accordance with Nojima [6] , so that for X = 0 (GaInAs) the average deviation becomes 1.5% and 0.2% respectively. However, these discrepancies can be explained by the fact that Mondry et al have applied their fitting technique only to AlGaInAs layers with a minimum X fraction of 0.28 and took the dispersion data for GaInAs from earlier work. Also the fitting procedure just included the reflectivity maxima and minima and not the whole spectrum as in our case, which explains the differences of the refractive index dispersion. Nojima on the other hand did not detail the material quality of the grown samples and reported a varying refraction index for different growth methods. In the present work on the other hand the MOVPE grown sample (no 5) showed good agreement (<0.1%) between direct fit and interpolation, therefore our findings are independent of the growth technique as expected. Also the thickness measurements listed in The dashed-dotted lines shows the fit after [5] , the dashed line corresponds to [6] , whereas the straight line represents our data using formula (3).
simulated layer thickness. Furthermore, comparing fitting data of the AlGaAs layers with expected values from the literature [13, 14] yields a maximum deviance of ±0.3%, which is mainly attributed to the usual uncertainties in the composition analysis of around 1% (absolute) with respect to X [14] . We could therefore exactly reproduce the existing refraction index data of the well-explored AlGaAs alloy, which strengthen our results for the AlGaInAs material system. Finally it should be noted that we measured for the Al 0.48 InAs and Ga 0.47 InAs alloy the largest refractive index difference compared to earlier reports (see figure 3 ). Since the bandwidth of an epitaxial DBR consisting of these alloys is defined by this difference, simulations of grown mirrors gave further evidence for our data. Furthermore, it is obvious that with the data of [5] and [6] it is not possible to grow such a DBR and hit the desired Bragg wavelength, which also influences the laser wavelength. Deviations up to 1.5% (at 2 μm) of the refraction index data correspond to a wavelength shift of around 30 nm, which is not acceptable for applications such as gas sensing [15] . Therefore, to promote new application areas for such VCSEL devices, which require fine wavelength control like gas sensing, accurate refraction index data are absolutely necessary.
In conclusion, we have calculated an empirical composition-dependent third-order interpolation matrix for the dispersion of the refractive index of the (AlGaIn)As material system. The calculation is based on normalized reflection spectra of five Fabry-Pèrot etalon structures with varying aluminum composition grown by MBE. Our findings have been proven by a further sample grown by MOVPE, independent thickness measurements and a comparison between measured results of AlGaAs samples with literature data. The perfect agreement between the simulated and measured sample thickness indicates that this reflection technique can also be used as nondestructive thickness determination. At last, since our data argue for a higher refractive index difference between Al 0.48 InAs and Ga 0.47 InAs than that in former reports, an essential improvement for the design of (AlGaIn)As-based optoelectronic devices such as VCSELs can be expected.
